The ground and the electronically excited states of the C 4 radical are studied using interaction configuration methods and large basis sets. Apart from the known isomers ͓l-C 4 ͑X 3 ⌺ g − ͒ and r -C 4 ͑X 1 A g ͔͒, it is found that the ground singlet surface has two other stationary points:
I. INTRODUCTION
C n carbon chains play an important role in the interstellar chemistry of carbon-rich evolved stars as stable species or chemical intermediates. Because of their astrophysical significance and chemical importance, they have been subject of extensive investigations based on high resolution spectroscopy or high level ab initio calculations. These species have been proposed by Douglas 1 as possible constituent of the diffuse interstellar bands ͑DIBs͒. The review of Van Orden and Saykally 2 gives a description of previous studies performed on the C n radicals during the past. From this review, it appears that short carbon chains ͑n Ͻ 10͒ are not well characterized experimentally. Some C n radicals present high reactivity, which makes their experimental observations difficult. For many carbon clusters only ab initio theoretical data are available. The existence of several isomers and the large density of electronic states even at low internal energy range make their theoretical computations difficult. Especially, ab initio studies of C n radicals with an even number of atoms present a challenging problem due to the existence of various isomers with comparable stability. Many aspects involving structure and spectroscopic properties are still controversial.
The present work treats one of this carbon clusters with some intriguing features: the C 4 radical. Two isomers of similar stabilities, one linear ͑l-C 4 ͒ and one rhombic ͑r-C 4 ͒, have been observed experimentally. Recently, the group in Madrid 3 has detected in SgrB2, IRC+ 10216, CRL 2688, and NGC 7027 with the Infrared Space Observatory a pattern of bands at 57 m ͑174 cm −1 ͒, the assignment of which to the fundamental transitions of the 5 bending of l-C 4 was suggested. Evidence for r-C 4 has been obtained by the Coulomb explosion imaging technique that revealed also the existence of a third tetrahedral isomer. 4, 5 The first observation of linear C 4 performed with electronic spin resonance spectroscopy of carbon clusters trapped in solid Ne and Ar matrices 6 led to a controversy concerning the radical structure. Two possible configurations, cumulenic and acetylenic, were postulated. A near-linear bent structure has been proposed as possible origin of the line splitting observed in electron spin resonance experiments. 7, 8 Gas phase high resolution spectroscopy confirmed a linear structure. 9 Theoretically, previous works have found the cumulenic structure ͑of 3 ⌺ g − symmetry species͒ as the most stable form of l-C 4 . 10 Nevertheless, the absolute relative energy position of l-C 4 / r-C 4 is not yet established and the isomerization pathway between them is not known. Concerning the electronic excited states of l-C 4 , two states, the 1 ⌬ g and 1 ⌺ g + states, arising from the 2 configurations as the X 3 ⌺ g − , were computed by Liang and Schaeffer III. 10 They are predicted to lie at 0.332 and 0.93 eV above the cumulenic structure. For r-C 4 , Mühlhäuser et al. 11 have located several singlet states in the 0 -5 eV internal energy range. Experimentally, numerous accurate data on these electronic states have been published by Maier and co-workers [12] [13] [14] [15] [16] and Jungen and Xu 17 using photoelectron spectroscopy and by the absorption spectra of C 4 in cold matrices. Xu et al. 18 reported vertical excitation energies for l-C 4 from photoelectron spectroscopy and ab initio calculations.
Here, we are treating the C 4 carbon cluster using large ab initio computations. Specifically, the stationary points of the ground potential energy surfaces of the C 4 carbon cluster and of its lowest electronic states of singlet, triplet, and quintet spin multiplicities are investigated using configuration interaction approaches. We have also considered the intramolecular isomerization pathways. 
II. MOLECULAR STRUCTURE OF C 4
It is well established 2 that the C 4 radical has two isomers: one linear ͑l-C 4 ͒ of D ϱh symmetry and one rhombic ͑r-C 4 ͒ of D 2h symmetry. Our computations confirm that the electronic ground state of l-C 4 is the X 3 ⌺ g − state resulting from the 2 electronic configuration. The ground electronic state of r-C 4 is the X 1 A g . Table I lists the characteristics of both linear and rhombic forms including their internuclear distances ͑in angstroms͒ and their in-plane angles ͑in degrees͒. It is worth noting that the two diagonals of r-C 4 show different lengths and that only the shorter one can be considered as a real intramolecular bond.
The relative energy position of these two forms is not definitely established in the literature. Watts et al. 19 have reported an energy difference between isomers that varies between −575 and ͓cc-pVQZ/UHF-CCSD͑T͔͒ 1420 cm In Table I the total electronic energies, the isomers' relative energies, and the structural parameters of the stationary points of C 4 considered in the present work are given. Our coupled cluster results lead to the rhombic form as the most stable structure, whereas the CASSCF calculations yield the linear isomer as the most stable isomer ͑cf. Table I͒ . Different calculations of this relative energy using either RCCSD-T or CASSCF and different basis sets with increasing size show that the size of the basis set is not that crucial and that correlation energy is more important. This quantity is calculated to be −262, −405, and −567 cm −1 at the ccpVTZ/RCCSD-T, aug-cc-pVTZ/RCCSD-T, and cc-pVQZ/ RCCSD-T levels of theory, respectively. The corresponding calculations with CASSCF give 2961, 1908, and 2362 cm −1 using cc-pVTZ, aug-cc-pVTZ, and cc-pVQZ basis sets. In these CASSCF calculations, the active space comprised all the 12 orbitals, but the four lowest valence orbitals have been kept doubly occupied. Accordingly, a final statement about the global minimum of C 4 is hardly possible since these energy differences are within the error bars of the computational methods used here, albeit they are already rather extensive ones. This is in accordance with previous discussions in the literature pointing out difficulties of computations for even carbon atoms clusters. Nevertheless, a general trend can be stated: multiconfigurational calculations support the assumption that l-C 4 is the most stable form. Table I shows that two additional stationary points on the lowest C 4 potential energy function ͑PEF͒ exist: d-C 4 and s-C 4 . They are located at 1.13 and 3.03 eV above the linear minimum using cc-pVQZ/RCCSD-T and cc-pVQZ/ UCCSD-T calculations. These two structures can be important intermediates during astrophysical reactions involving carbon chains and of the isomer interconversion processes. The d-C 4 ground state is a singlet with a planar C 2v structure, in which three carbon atoms are attached to the same central carbon atom. In the present paper, we describe it as a local minimum of low stability. The cyclic one, s-C 4 , has D 4h symmetry and a singlet ground electronic state of 1 A g symmetry species. It seems reasonable to consider it as the top of a barrier restricting the interconversion process of the two equivalent conformers of the rhombic isomer ͑one of them with R 24 Ͼ R 13 and the second one with R 13 Ͼ R 24 ͒. It has been found unstable ͓E R = 4.0 eV ͑CASSCF͒ and 3.03 eV ͑UCCSD͑T͔͒ lying over the lowest singlet and triplet states of r-C 4 . Recently, a similar situation was found for the B 4 cluster, 26 except that the D 4h transition state is lying only at 248.2 cm −1 favoring interconversion processes to occur via tunneling through this potential barrier. For C 4 , it is unlikely that such effect takes place for the low lying rovibrational levels of r-C 4 because of the large potential energy barrier separating both forms.
The d-C 4 ͑X 1 A 1 ͒ isomer is a good candidate for the third isomer of C 4 not characterized yet but detected in the Coulomb explosion experiments. 5 For that reason, more attention was paid for obtaining the structural parameters of this isomer. d-C 4 appears to be a minimum. Interaction configuration computations performed with different active spaces produce results either with all the harmonic frequencies positive ͑i.e., a local minimum͒ or with one of the fundamentals slightly negative ͑i.e., transition state͒. At lower levels of theory, d-C 4 shows a slightly distorted C 2v structure. With our best wave function, all the frequencies are found positive, for instance, preliminary force field calculations performed at the MRCI level give the following harmonic positive frequencies: 1 = 1642͑a 1 ͒, 2 = 1395͑a 1 ͒, 3 = 842͑a 1 ͒, 4 = 397͑b 1 ͒, 5 = 791͑b 2 ͒, and 6 = 182͑b 2 ͒ ͑all values are in cm −1 ͒. A definitive theoretical characterization of d-C 4 requires very highly correlated methods. In addition, our calculations converge always to a planar geometry, whereas the detected one is nonplanar. Figure 1 These calculations were performed at the cc-pVTZ/ CASSCF level of theory ͑comprised of all the 12 orbitals in the active space͒. We would like to point out that the curves in Fig. 1 do not correspond to the minimal energy path for these isomerization processes, but they are computed to give an insight into the evolution of the 6D PESs when l-C 4 is transforming into r-C 4 ͓Fig. 1͑a͔͒ and then to d-C 4 ͓Fig. 1͑b͔͒.
III. ISOMERIZATION PROCESSES
The curves for the singlet in Fig. 1͑a͒ correspond to the two components of the doubly degenerate 1 ⌬ g state ͑for instance, 1 A 2 and X 1 A 1 ͒ and the curve for the triplet is for the
This figure shows that l-C 4 ͑ 1 ⌬͒ splits in energy into two Renner-Teller components. Figure 1͑a͒ reveals the existence of a crossing between the triplet ͑ 3 A 2 ͒ and the lowest singlet ͑X 1 A 1 ͒ for C 3 -C 1 distances of about 3.4 bohrs, where spin-orbit conversion processes can take place. In Fig. 1͑b͒ , the energy variation corresponding to the lowest electronic states is represented as a function of the C 4 -C 2 coordinate for the d-C 4 → r-C 4 isomerization process. Local minima are calculated along this coordinate for the 3 B 1u , 1 A g , and 1 B 1u electronic states. These local minima may correspond to transient species of C 4 and can be populated during the reactive collisions involving C 4 . Finally, it is worth noting that the cuts of the lowest singlet and triplet states go up in energy by decreasing the C 1 -C 3 distance, resulting in deep potential wells ͑more than 4000 cm −1 ͒ around each potential minimum. This should allow to study experimentally and theoretically each isomer.
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IV. ON THE ELECTRONIC EXCITED STATES OF C 4
Figure 2 presents the collinear CASSCF onedimensional cuts of the 6D PESs of the lowest electronic states of l-C 4 of singlet ͓Fig. 2͑a͔͒ triplet ͓Fig. 2͑b͔͒, and quintet ͓Fig. 2͑c͔͒ spin multiplicities. These cuts are shown along the middle CC stretch ͑R CC ͒, where both external CC bonds are kept fixed at 2.45 bohrs. In Table II , the vertical excitation energies calculated in the present paper are compared with the experimental values. The papers of Maier and co-workers [12] [13] [14] [15] [16] provide low vertical energies for the lowest states. Generally, our MRCI vertical excitation energies agree relatively well with the experimental T 0 determinations of Refs. 15, 16, 18, and 31 assuming that our values will be decreased if one considers the relaxation of all six internal coordinates. For instance, the first excited state of l-C 4 ͑i.e., 
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1 ⌬ g ͒ has been observed at 0.33 eV ͑Ref. 18͒ in close agreement with our computed value of 0.44 eV. Nevertheless, the situation is quite surprising for the 1 ⌸ u state, which is located at 2.20 eV at the MRCI level of theory and attributed to the peak at 1.16 eV in the photoelectronic study of Xu et al. 18 These authors claim that this attribution was found "reasonable but tentative." Here, we do not assign the photoelectron ͑PES͒ peak at 1.16 eV to the 1 ⌸ u state since the errors are out of the range of the accuracy of our largest computations. This peak could be associated in the experimental spectra to vibrational excitations of the lower electronic states of C 4 .
The electronic excited states of the nonlinear isomers of C 4 are almost unknown. To our knowledge, no experimental data are available, although few papers have predicted electronic excited states for the rhombic form. 11 In Tables III and  IV , the vertical excitation energies of d-C 4 and r-C 4 are listed, respectively, together with the dominant electronic configuration of these states quoted at the equilibrium geometry of their respective ground states. At the CASSCF level of theory, the two lowest excited states of r-C 4 are triplets lying at 1.04 ͑ 3 B 1u ͒ and 1.94 eV ͑ 3 B 2g ͒ above the ground state, followed by two singlet states lying at 2.27 ͑ 1 B 1u ͒ and 2.54 eV ͑ 1 B 2g ͒, respectively. In Fig. 3 are given the CASSCF one-dimensional cuts of the 6D PESs of the electronic states of r-C 4 , which are obtained by varying the R 12 distance ͓cf. Fig. 3͑a͔͒ and the bending angle ϽC 3 C 1 C 4 ͓cf. Fig. 3͑b͔͒ , where the remaining internal coordinates are kept fixed at ϽC 3 C 1 C 4 = 116°and R 12 = 1.4312 Å corresponding to the reference planar geometry. In Table III In Fig. 4 , the CASSCF energy variations of the five lowest states of d-C 4 are presented. They are given along the bond distance R 3 ͓Fig. 4͑a͔͒, the bond distance R 1 = R 2 ͓Fig. 4͑b͔͒, and the torsional angle ͓Fig. 4͑c͔͒. Figure 4͑c͒ shows the existence of a minimum for = 0°for the ground electronic state of d-C 4 ͑X 1 A 1 ͒. The upper states should be planar also or possess small potential barriers to linearity.
Some general trends are found: A high density of electronic states is remarkable even for very low internal energies for the three isomers of C 4 . Such high density of electronic states is favoring their mutual interactions via RennerTeller couplings ͑for l-C 4 ͒, vibronic and spin-orbit couplings ͑for three of them͒, and Jahn-Teller couplings ͑for the upper states of d-C 4 ͒. The conical intersections between the electronic states having the same spin multiplicity are expected to occur, leading to avoided crossings in the C 1 point group ͓e.g., the crossing between d-C 4 ͑ 3 A 2 ͒ and the d-C 4 ͑ 3 B 1 ͒ states close to their equilibrium geometries, cf. Fig. 4͑a͔͒ . Finally, spin-orbit interactions should take place between the singlets and the triplets, and the triplets and the quintets in their mutual crossing regions. The isomerization processes can take place for high internal energies, converting one form to the other. All these interactions are mixing the wave functions of the electronic states of C 4 , complicating so the mapping of their 6D PESs. The assignment of the corresponding spectra is viewed to be quite complicated.
For illustration, we propose in the following an interpretation for the absorption spectrum of l-C 4 in the 25 000-35 000 cm −1 energy range, covering the 3 ⌺ u − ← X 3 ⌺ g − excitation transition. This spectrum was measured by the group of Maier and it is given in Ref. 17 . It shows sharp bands up to 40 000 cm −1 . The bands are broad because of shortening of the lifetime of the corresponding vibronic levels. Figure 5 presents the potential curves of l-C 4 elec- tronic states in the vicinity of the 3 ⌺ u − state. This figure shows that the crossing between the 5 ⌺ g + and the 3 ⌺ u − electronic states is occurring almost for internal energies where the change of the shape of the bands in the absorption spectrum of Maier is detectable. Hence, we are expecting that the high vibrational levels of the 3 ⌺ u − state ͑i.e., located above this crossing͒ are predissociating to the first dissociation limit ͑denoted as DL in this figure͒ perhaps after interaction with the quintet state, thus reducing their lifetimes. Spin-orbit couplings, vibronic interactions, and Renner-Teller effects occurring for linear, planar, and nonplanar configurations should also play a role during this predissociation process before and/or after spin-orbit interactions. A complex multistep mechanism is expected for the l-C 4 ͑ 3 ⌺ u − ͒ → C 2 ͑X 1 ⌺ g + ͒ +C 2 ͑X 1 ⌺ g + ͒ reaction.
V. CONCLUSIONS
In the present work, structural data of the lowest isomers and excited states of C 4 are reported using accurate ab initio methods and large basis sets. Our calculations confirm the existence of a linear form ͑l-C 4 ͒ and a rhombic isomer ͑r-C 4 ͒ and reveal the existence of a third isomer of C 2v symmetry ͑d-C 4 ͒. For these three isomers, a high density of electronic states is observed even for low internal energies, favoring their mutual interactions. Spin-orbit, Renner-Teller, Jahn-Teller, and vibronic couplings, in addition to isomerization processes, are expected to mix the rovibronic wave functions of the electronic states of C 4 . 
